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C. A. Honodel, D. J. Steinberg, J. R. Stroud, Lawrence Livermore
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ABSTRACT

We have developed a versatile tool for generating planar shock
waves. This system, which we call the electric gun, is capable of
projecting thin flyer plates with velocities in the range 1-20 Km/s.
It is presently being used in high-explosives-initiation experiments
and is beina develooed for euuation-of-state measurements in the
1-5 TPa range. We describe the electric gun facilities that are
operational at Lawrence Livermore Laboratory (LLL) and discuss
applications of electric gun technology to problems of interest to
shock wave researchers at LLL and other laboratories.

INTRODUCTION

At a 1961 conference on exploding wires, papers were presented by Keller

and Penning 1 and Guenther et. al.2 on the use of exploding metal foils to

accelerate thin plates of dielectric material to velocities of 4-5 km/s.

Keller’s setup for obtaining fast plastic flyer plates, which he called

“slappers”, was used in the 1960’s to study the effects of shock waves on

materials in the 0.001 to 0.01 TPa range. 1-3 (1 TPa = 10Mbar) In 1976,

Stroud4 had used Keller’s slapper system as the basis for a high explosive

5 had extended the system’s range todetonator, and Weingart et. al.

tative datapressures of the order of 0.1 TPa and had used it to obtain quant”
●

on short-pulse shock initiation of high explosives.

“Work performed under the auspices of the
U.S. Department of Energy by the Lawrence
Livermore Laboratory under contract number
W-7405 -ENG-48.”
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During the same period, we recognized the potential of the system as a

tool for ultrahigh-pressure research (pressures greater than 0.5 TPa). Higher

pressures were achieved by constructing composite flyers of dense metal and

plastic. Flyer velocity was increased by increasing electrical currents so

that magnetic forces became an important additional driving force on the

flyer. Careful flyer laminate design and fast electrical current risetimes

resulted in extremely planar flyer impacts.

To be consistent with terminology used to describe other precision shock

wave generators, we have named our flyer laminate and capacitor bank the

electric gun. Our newest electric gun facility, designed specifically for

equation-of-state (EOS) studies in the 1 to 5 TPa range, has already achieved

thin flyer velocities near 20 km/s. We believe the attainment of such

velocities clearly places the electric gun in the front rank of

ultrahigh-pressure shock wave generators.

Along with the ultrahigh-pressure capability come several experimental
e
advantages:

1) An electric gun facility is relatively inexpensive to run,

benefiting programs that require a large number of

experiments.

2) The electric gun is small, simple, and can function on-site

without the cumbersome operational procedures that are

required when working with high-explosive generators, large

lasers, or multistage gas guns. Close-in diagnostic access

is available, experimental designs are not complicated by

large expansion volumes, and turn-around time between

experiments is short.

3) The electric gun is a precision instrument. The flatness

of the flyer impact compares favorably with that of

projectiles from a two-stage light gas gun; diagnostics are

straightforward and available.



4

4
I

9

We will describe the electric gun facilities that

and discuss applications of electric gun technology to

shock wave researchers at LLL and other laboratories.

THE ELECTRIC GUN

are operational at LLL

problems of interest to

a. Principle of Operation

The operation of the electric gun is based on exploding a thin metallic

foil by discharging a capacitor bank connected to the foil. If the discharge

time of the bank is short compared to thermal diffusion times away from the

foil, ohmic heating can deposit a large amount of energy into the foil. The

deposited energy is released in the subsequent expansion of the foil material,

which acts as a driver gas to accelerate thin plates positioned adjacent to

the foil. When large currents explode the foil, sizeable magnetic forces

arise which also accelerate the flyer plate. 9

Figure 1 illustrates the design of

energy of the exploding metal foil to a

transmission line delivers current from

the assembly we use to couple the

thin flyer plate. A flat-conductor

the capacitor bank into a foil, which

bridges a gap in one of the heavier conductors. The foil is designed to be

the most resistive element in the circuit and it absorbs most of the energy

delivered by the bank (until after foil explosion, when a low resistance

current sheet is formed in its place). The flyer-plate material is laid on

top of the foil and the transmission line. The foil and flyer-plate material

are then thermally bonded into a stiff assembly that is easy to handle and

connect to the capacitor bank. The explosion of the foil and the accompanying

magnetic forces punch out a section of the flyer-plate material and accelerate

it up a few-millimeter-long barrel to strike a target.



b. Capacitor Bank

The electr

maximum current

and L represent

bank, transmiss”

c gun is connected to a series RLC circuit. To achieve

output, the bank is operated in an underdamped mode. Let R @
9

the distributed resistance and inductance of the capacitor

on line, and switch. To define the important parameters of ●

the bank we consider the current, I, delivered into a static load of

resistance R = Rg when the bank is charged to a voltage Vo. I is given by:

I = lm sin(~t)exp(–+d ,

where:

Im=,Vo/LaLT = 2L/R, and ~=
(~ - ST”

(1)

We presently use several different capacitor banks, depending on the

application. One bank, which we have used extensively in high explosive

initiation studies, has a capacitance of 56 I-IF,a system inductance (bank PIUS

load) of 40 nH, and a peak charging voltage of 40 kV. For 22 m~ circuit

resistance, @ = 6.1 x 105S-l,Im= 1.641YlAand -T= 3.6 x 10-6 s.

Another important bank parameter is the initial rate of current rise, which is

given by

d]
)

Vo
X,=O= T (2)

For the bank described above, (dI/dt)t=o = 1 TA/s.

We have recently acquired a new bank that is significantly faster. In
its present configuration, the fast bank has 17.2 PF capacitance, 16 nH system

inductance, and a peak charging voltage of 100 kV. For 22 m~ resistance these

parameters lead to the values M = 1.5 x 106s-1, Im = 4.OMA, T’= 2.2 X

10-6s, and (dI/dt)t=o = 6.2 TA/s. By optimizing insulation thickness to

reduce inductance and by using a higher charging voltage, we hope to achieve

even faster risetimes and higher peak currents.



c. Electrically-Exploded Conductors

A large body of work on exploding conductors exists in the

literature.6-g We will briefly review some important features, making

simple assumptions that allow a qualitative picture of exploding foil

behavior.

Consider a conductor of resistance R that carries a current I(t). If we

assume that no heat escapes from the conductor, the rate of change of

conductor temperature is

(3)

where To s the initial

constant), and M is the

temperature, c is the specific heat (assumed

mass of the conductor. If we further assume

a linear function of temperature given by

R = R.
[ 11 + a(T-To) , (4)

that R is

where R. is the resistance at temperature To and Q is the temperature

coefficient of resistivity, then, as Bennett7 has shown,

T–TO= ~exp[ 1~ ,~t12(NdA. (5)

Equation (5) predicts a very steep temperature rise as current continues to

flow through the conductor. At some limiting temperature, the thermal

pressure in the conductor becomes so great that an explosion occurs. Even

though Eq. (5) is based on rather unrealistic assumptions about the

temperature dependence of the resistivity and the specific heat, it gives a

qualitative picture of very steep rise in temperature that occurs just before

burst. Logan et al.l” used a similar model to compute temperature

distributions in exploding foils and were able to successfully compute burst

times and burst currents for several different foil materials and sizes.

It is found experimentally

Eq. (5) plays a crucial role in

can be rewritten as

that the argument of the exponential term in

exploding conductor phenomena. The argument

~ .(’J2(~)dA , (6)



where a ~ is the initial conductivity, PO the initial density, and J the
I current density. The quantity __—-—-
1

g = .fB J2(A)dA
o

(7)

~
5 is called the specific action, where tB is the time between the current.,
1,1 start and the bursting of the conductor. Experiments have shown that, for

conductors with a round cross section, the specific action is independent. of

wire dimensions and current wave formg’ll; however, for foils, the specific

action varies significantly with foil geometry and current waveform.10$12I

Even so, the assumption of a constant specific action to burst is useful for/
! making parameter studies.I
i

d. Electrical Gurney Energy

The velocity that can be imparted to a thin flyer plate placed on top of

an exploding foil depends on the foil material, foil mass, flyer-plate mass,

and the current waveform. An electrical analog of the Gurney model, proposed

by Tucker and Stanton,13 has proved extremely useful in making parameter

studies on exploding-foil systems. The Gurney theory,14 originally

developed to predict velocities of fragments accelerated by high-explosive

charges, predicts plate velocities from a characteristic energy, Eg, which

is related to the maximum velocity an explosive charge is capable of

delivering to a plate. For a one-dimensional system, where an explosive sheet

of mass C per unit area is

of mass M per unit area on

Vf =

Tucker and Stanton assumed

electrically-exploded foil

backed by an infinite mass on one side and a plate

the other, the final plate velocity is:

() –‘A

m ++1/3 . (8)

that the characteristic energy associated with an

depended only on the burst current density of the

foil, JBC They wrote the Gurney equation in the form

‘f= ~J; ($+$-1’2
-1/2

= Vg (;++)

(9)



where K and b are empirically-determined

characteristic velocity we will call the

depends on the barrel length, so Eq. (9)
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constants and VG is a i

Gurney velocity. The constant K

can be applied only to one barrel

length for a particular choice of K. The constant b is approximately

independent of barrel lengths in the l-to-5-mm range. Figure 2 shows an

electrical Gurney model fit to some of our flyer data, where the slower bank

described above was used as the energy source, the foil material was aluminum

and the barrel length was 1.27 mm. The data of Fig. 2 are for a constant

barrel length and a constant ratio of explosive mass to plate mass, M/C, but

we have found that the Gurney model represents the data over a wide range of

values of M/C, foil thickness and width.

The electrical Gurney energy for the data of Fig. 2 depends on burst

current density

where the burst

in km/s. For a

according to the relation

~g = 11.2 J~*763 ‘ (lo)

current density, JB, is expressed in TA/m2 and~~a is

5-mm barrel, we found that the value of the expone~t in Eq.(10)

was 0.768, virtually the same as for the 1.27-mm barrel, but the value of~

increased to 15.6. With this 5-mm barrel, and JB

{~~g = 16.8 km/s.

about 1.1 TA/m2,

The primary reason for our acquisition of the fast bank is

the hope that we could increase JB by a factor of about 4, and achieve

thin-flyer velocities in the 30 km/s range.

e. Magnetic Acceleration Effects

Kury et al.15 have reported that, over a range of values of M/C,

detonation of a chemical explosive drives-a plate to nearly its final velocity

by the time the detonation products have expanded to twice their initial

volume. This is contrary to our experiments with electrically-exploded foils,

where we observe significant acceleration of thin plates after a 100-fold

expansion of the foil.5 This continued acceleration occurs for two

reasons. One reason is that even though energy deposition is very sharply

peaked near burst time, some energy continues to be deposited into the foil

material after burst. The primary reason, however, for the continued

acceleration after burst is the magnetic pressure developed between the foil

and the return conductor of the transmission line. VISAR and Fabry-Perot

laser interferometer measurements have confirmed the presence of this magnetic

acceleration. ~



Figure 3a shows VISAR velocity-time records from three

specifically designed to study magnetic acceleration.

prepared that used foils with the same cross-sectional

thicknesses. They all burst at roughly the same burst

experienced the same current waveform, but the current

experiments that were

Three laminates were

area but different

current density and

per unit width varied

by a factor of four. A Gurney model is inappropriate to describe the data of

Fig. 3a because the Gurney model assumes that the plates have reached their

final velocity, whereas the plates are clearly being accelerated throughout

the duration of the experiment. A thorough mathematical description of the

plate motion would require a magnetohydrodynamic calculation coupled to a

calculation of the electrical energy deposited into the foil material as it

expands. We have not yet attempted such a calculation, but will try to

qualitatively account for the observed motion by separating the magnetic and

hydrodynamic effects.

The magnetic contribution to the velocity

infinite, plane conductors and integrating the

x;

(Pcdc

where Pc, dc, and Pm, dm are the

was estimated by assuming

equation for the acceleration,

,2
U.A

+ pmdmjx= -+ , (11)

density and thickness of the foil and

flyer material, respectively, ~ is the current per unit width calculated from

Eq. (l); and PO is the permeability of free space. If the magnetic and

hydrodynamic contributions to the flyer velocity are separable, subtracting

the magnetic contribution from a measured velocity-time curve should leave the

hydrodynamic contribution. Figure 3b shows the curves of Fig. 3a, with the

magnetic contributions subtracted. It is, at first glance, surprising that

the curves of Fig. 3 lie so C1OSP tog~ther hPCaIJ;P th~ mast,/,?r~aof vfipori~ed

foil material driving the flyer differs tJyfJfdCt(Jr of f[JUr’ for the tt)rc(:

curves. However, if we look again at Fig. 3a, we see that the thicker foil

has moved appreciably before burst, giving the vaporized foil a larger initial

volume and a lower initial pushing pressure. Siegel, in his monograph on

high-speed guns,16 shows that the final velocity of a projectile accelerated

by a driver gas depends on the ratio of the initial pressure to the mass of

the driver gas. Thus, it is not unreasonable that the thinnest foil provided

the same hydrodynamic push as the thickest.
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Since magnetic pressure increases as the square of a, magnetic forces

will be particularly significant for the faster capacitor bank system.

Preliminary experiments with the faster system have indicated serious

discrepancies between the electrical Gurney theory and the observed flyer

velocities. It appears that under conditions of very large ~ the Gurney

theory is no longer applicable and magnetic effects must be explicitly

considered.

Foil Material Effects

We have conducted tests on thirteen different materials to ascertain

whether there is an optimum material to use as the exploding foil. We will

first compare Gurney energies. For most of the materials we do not yet have

sufficient experimental data to compute K and b from Eq. (9). Since the burst

currents are not the same, we need some way of normalizing the results to the

same JB w that the magnetic contribution will be constant. We will assume

that b is the same for all materials and compute a normalized Gurney velocity,

(12)

The value of b has been determined from extensive experiments on aluminum
..—

foils to be 1.54, {2E9 is determined from the measured flyer velocity, foil

mass/area and flyer mass/area, and the burst current density is normalized to

a value of 0.5 TA/m2. For the different materials, M/C, [2Eg, JB, and

VN are listed in Table 10

For a Y-1aw gas the speed of sound is:

where Co is the speed of sound, Y the ratio of specific

constant, and m the molecular weight. Because a driver

communicate with the piston it is pushing, the speed of

(13)

heats, R the gas

gas must be able to

sound limits the

attainable piston velocity. Equation (13) predicts a maximum flyer velocity

proportional to m-1/2. Such a dependence is consistent with the data of

Table 1, as we show in Fig. 4, where VG is plotted as a function of m. The

solid curve was determined by fitting a linear regression model to the data.

I

[
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We believe the large scatter in the data is due to the very limited number of

shots we expended in investigating foil material effects. The asymptotic

value of velocity in Fig. 4, as m continues to increase, may be due to the

magnetic contribution to the velocity. The quantity r, specified in the

Figure, is the correlation coefficient.

OPTIMIZING ELECTRIC GUN PERFORMANCE

The interactions among the experimental parameters of the electric gun

make the task of optimization very complex. In some cases, the interactions

are poorly understood and we have no alternative to an empirical approach. We

will describe some of the interactions we understand and point out areas where

our basic understanding is lacking. The electrical characteristics of the

capacitor bank are the starting point for our discussion, since bank

performance will dictate many of the other parameters. To accelerate a flyer

plate that remains flat as it moves down the barrel, it is important to assure

that the foil bursts within a microsecond or less from current start. If this

requirement is not met, magnetic pressure will overcome the inertia of the

foil and flyer, producing a distortion in the foil geometry before burst

occurs; if this occurs, the flyer impact will not be as flat. The burst time

requirement can be met in two ways. Choosing a capacitor bank with a minimal

inductance and maximum practical charging voltage allows the greatest

experimental flexibility. Since the rate of current increase is proportional

to the ratio of charging voltage to inductance, minimum burst times will be

assured. Once the capacitor bank parameters are fixed, the experimenter can

still vary the burst time by varying the foil cross-sectional area. Because

the specific action to burst is roughly constant for a given material, Eq. (7)

defines an approximate relationship between burst time and cross-sectional

area of the foil.

In addition to

experiments require

the requirement of planar plate impact, shock wave

a pressure pulse of known amplitude and of sufficient

duration to make precise measurements. The amplitude of the pulse is

controlled by the speed and shock impedance of the flyer plate material. The

material adjacent to the foil must be a dielectric (we have found films of

Kapton polyimide (DuPont) and Mylar polyester (DuPont) most suitable), but a

metal foil may be placed on top of the dielectric layer if higher presures are

desired. The dependence of flyer velocity on burst current density, flyer

mass/area and foil mass/area is described by Eq. (9).



For a particular foil cross-sectional geometry, the choice of foil

material will determine the characteristic velocity VG and the foil

mass/area, C. Inspection of the data of Fig. 4 might lead one to believe that

foils with the largest normalized VG are the most desirable, but this is not

the case. The materials with the largest VG are, in general, those with the

lowest density. Since the flyer velocity depends on M/C as well as VG, a

thicker foil must be used for the lower density materials to achieve the same

value of M/C as for a denser material. The capacitor bank parameters,

however, limit the thickness of the foil if the requirement of burst within a

microsecond or less is to be met. The dependence on M/C may be less, however,

if magnetic effects are important. In this case, a lower-density foil

material might be desirable. With very fast rising currents, or thick foils,

or both, magnetic diffusion will also play a role.

Another material property that limits the performance of a potential

candidate material is the specific action to burst. Some of the higher

density materials showed reasonable values of VG, but had rather large

specific actions, leading to long burst times and poor-quality flyers. We are

by no means certain that we have found the optimum foil material, but our

experience to date has shown aluminum to be the material of choice, and most

of our electric gun work over the

foils. In light of our imperfect

above, the availability of a much

of some of the previously-studied

AREAS OF APPLICATION

last few years has been with aluminum

understanding of the effects discussed

faster bank suggests that a re-examination

materials would be worthwhile.

a. Equation of State Measurements in the l-to-5-TPa Range

Present experimental techniques allow us to reach pressures of

approximately 1 TPa, and theory is believed reliable above approximately 10

TPa. Equations of state have relied on interpolation schemes to fill in the

intermediate range. Our electric gun gives promise that we may be able to

experimentally investigate this intermediate region.



The experimental arrangement for an EOS measurement is shown in Fig. 5.

The flyer is a Kapton-metal laminate that accelerates down a few-millimeter-

long barrel to strike the target. The thin metal layer placed on top of the

Kapton flyer increases the total mass of the flyer and therefore lowers its

velocity. However, the shock impedance or “stiffness” (the product of the

density and the shock velocity) is so much greater for a typical metal than

for Kapton, that even at the lower velocity the metal flyer induces a much

greater pressure in the target. The target is the same metal as the flyer and

has a set of precisely cut steps in it. A Fabry-Perot interferometer

continuously monitors the velocity of the flyer.

considerations show that theAt the time of flyer-target impact, symmetry

material velocity, Up, in the shocked target is exactly equal to one-half

the flyer velocity. At pressures ~0.1 TPa shock heating of the material

produces thermal light emission sufficient to be detected by a fast steak

camera at the instant the shock arrives at the free surface.* Measuring shock

velocity, U~, then consists of measuring shock-transit time across the steps

in the free surface of the target. Using the measurements of Us and Up,

and the mass and momentum conservation conditions across the shock front, we

can determine the pressure and volume on the Hugoniot. Measurements are

performed in a vacuum to eliminate effects of the air that otherwise would be

compressed between the flyer and target.

The electric gun is competitive with laser and nuclear driven experiments

in producing shocks in the 1 to 5 TPa range. The technique for measuring Up

in a nuclear driven experiment is complicated and has a precision of

only ~ 5%.17 The laser system does not yet have a proven method of

measuring Up, so presently it must rely on theoretical calculations to

supply the missing information. 18519 However, with the electric gun, we can

use a precise method of determining Up, i.e., using a symmetric impact and

measuring the flyer velocity. Finally, the low cost and relative ease of

doing many laboratory experiments make the electric

*Actually, our present camera sees thermal emission
target. Its time resolution is not adequate to see
of emergence from the surface.

gun especially attractive.

from the unloaded hot
the shock at the instant



Figure 6a shows a streak record made when a tantalum flyer impacted a

tantalum target that had a step cut in the middle of the free surface. The

measured shock velocity is 6.1 km/s ~ 10%. Using a flyer velocity of

5.2 km/s, estimated from previous experiments, the shock pressure is

approximately 0.3 TPa. The shock velocity at this pressure compares favorably

with published data. The pressure produced in this preliminary experiment is

approximately equal to the maximum pressure that can be produced in tantalum

with the fastest two-stage gas-guns.

Figure 6b shows the result of a similar experiment using a flat target.

The simultaneity of the start of thermal emission demonstrates the flatness or

“one-dimensionality” of the gun over a diameter of approximately 3 mm. Flyer

flatness at impact has been estimated as better than 8 m and the turn-on of

the light emission from the target is less than 600 ps.

Recently, we measured a velocity of approximately 16 km/s for a

12.7-~m-thick, 5.08-mm-diameter, composite tantalum/plastic flyer. Had this

flyer impacted a tantalum target, a shock of nearly 2 TPa would have been

produced. Recent experiments with the fast bank have accelerated Kapton

flyers to velocities near 20 km/s. At 20 km/s a symmetric impact between a

tungsten projectile and target will generate *3 TPa.

As can be easily seen in Fig. 6a, the present streak camera is too slow to

be useful in Hugoniot experiments. We are presently installing a new camera

with a maximum writing speed that is approximately 100 times faster. This

will allow us to spread out our streak records in time and make shock-velocity

measurements with greater precision.

b. Interaction of Shock Waves with Free Surfaces

Observation of the response of the free surface of a solid body to the

passage of a shock wave is a common method for studying material behavior ~t

high pressures. The observed property of the free surface may be its

velocity, brightness, reflectivity, or general appearance. Comnon measuring

instruments are laser velocimeters, contactor pins, pyrometers, high-speed

cameras, pressure gauges, and flash radiography. Free-surface measurements

are essential in evaluating the performance of”HE driven plates and are used
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to probe basic material properties.

measurements have been made for many

Although various sorts of free-surface

years, the response of free surfaces to

shock waves is poorly understood. In the past, many phenomena such as changes

in reflectivity or color of shocked surfaces have been regarded as interesting

or annoying artifacts but not as objects for study. If we wish to fully

exploit the capabilities of

we can no longer afford to

The electric gun is an

advanced diagnostics, e.g. the laser velocimeters, w

gnore these effects.

s

deal shock wave generator for surface studies. It

can produce well-defined pressure pulses in any pressure range of practical

interest. The duration of the pulse, while short compared to gun or

explosively-driven shocks, is more than adequate for the study of phenomena

that occur directly on a shocked surface. Perhaps most important, the

convenience and low cost of the electric gun allow a large number of

experiments at a reasonable cost in both dollars and manpower.

c. Shock Initiation of Explosives

The electric gun offers an attractive means of performing shock initiation

experiments. The impact of an electrically-driven flyer plate produces a well

defined stimulus whose intensity and duration can be independently varied.

Experiments are low-cost and there is fast turn-around between experiments.

The pressure-time regime accessible in electric gun experiments differs

significantly from pressure-time combinations produced by conventional shock

initiation experiments. The electrically driven flyers initiate explosives

with short-duration high pressure pulses. Figure 7 shows the range of

pressure-time points produced by our slower bank accelerating Kapton flyers to

impact a PBX-9404 target (PBX-9404 is a plastic-bonded, HMX-based explosive.

For further details, see Ref. 20). Short-pulse initiation experiments will be

very useful in developing more realistic theoretical shock initiation models.

Our present shock initiation models are fairly successful in predicting the

initiation threshold for sustained-pulse initiation experiments, but are not

capable of predicting initiation thresholds where very short pulses are

employed. The electric gun can provide data to test the capability of

improved models.
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We have used the electric gun extensively for characterizing the shock

sensitivity of various explosives. 5,21,22 The capability of the electric

gun for performing a large number of controlled initiation experiments is

unequalled by any other initiation technique. In studying the shock

initiation of TATB (l,3,5-triamino-2,4,6-trinitrobenzene), we performed over

900 individual tests in ayear.21 Figure 8 shows the result of our study of

the shock initiation of PBX-9404 by thin flyer plates. Threshold values of

pressure versus pulse duration are plotted along with data from earlier

short-pulse initiation studies by Gittings23 and Trott and Jung.24 It

should be noted that by using the electric gun we were able to extend the

to significantly higher pressures and shorter pulse widths.

The electric gun provides a better-defined input stimulus than many

data

conventional shock-sensitivity tests, which use explosive charges to drive a

shock wave through an inert barrier into the explosive under test (e.g., gap

test). The impact of 25-mm-diameter flyer plates accelerated from the

electric gun provide truly one-dimensional initiation conditions even for an

insensitive explosive like TATB. We feel that a standard shock sensitivity

test based on the impact of thin flyer plates accelerated by the electric gun

would be a significant improvement over many of the standard tests presently

in use. Electric gun experiments have the additional advantage of being

applicable to relatively small explosive samples (1-100 g), an important

consideration for evaluating new and/or scarce explosive compositions.

The electric gun is also capable of probing the two-dimensional aspects of

shock initiation in explosives. In our studies of the extremely insensitive

explosive TATB,21 we have observed a dramatic increase in the threshold

flyer velocity as the flyer diameter is decreased below 15 mm, as is shown in

Fig. 9.
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e. Possible Source of Data for Magnetohydrodynamic (MHD) Codes

The foil material that drives the flyer plate in the electric gun is

itself an interesting subject for investigation. The foil material is in an

extremely-high-temperature, reduced-density state during and after the burst.

EOS measurements on the foil material are possible by measuring the

acceleration and displacement of the interface between the foil and a

transparent buffer material, which acts as a tamper. Such measurements would

measure pressure and volume as a function of time. Energy input to the foil

could be determined simultaneously by measuring the current and voltage across

the foil. Such data would be in a range of interest for imploding liner

calculations using MHD codes. The acceleration data could also be compared

directly to MHD code calculations, checking the validity of material

properties used in the code.

SUMMARY AND CONCLUSIONS

We have developed a system, the electric gun, that has already been very

useful in shock wave studies at LLL and offers advantages in many areas of

shock wave research. This system has accelerated thin flyer plates to

velocities near 20 km/s and offers the potential for precision EOS studies in

the 1 to 5 TPa range.

To date, our greatest use of the electric gun has been in HE shock

initiation studies. We have used the electric gun for an intensive study of

the explosive TATB21 and for a survey of the short pulse initiation

thresholds of a number of important explosives.5’22

We recently have begun using the electric gun for high-pressure EOS ~
studies, and have obtained some preliminary data on Hugoniot points for

tantalum in the 0.2 TPa range. We feel that the gun is the best candidate as
..

a shock wave generator for EOS studies in the 1 to 5 TPa range, a range that

is not accessible using conventional shock wave generators.



An application ideally suited to the unique capabilities of the electric

gun is the study of the interaction of shock waves with free surfaces. In a

thin sample, the electric gun can produce a well-characterized shock wave over

an extremely wide range of pressures. The low cost and fast turn-around time

permit a large number of experiments relative to other shock wave generators.

Finally, we wish to point out that our experiments do not yet show that we

are approaching any fundamental limit to the flyer velocities achievable with

the electric gun. We are confident that we can

and pressures with our present capacitor bank.

the capability of the electric gun until we can

engineering constraints that set an upper limit

reach yet higher velocities

We look forward to extending

define the physics or

on the flyer velocity.
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TABLE 1

Material ‘B ~zg
w

M/c Vf VN

(TA/m2) (km/s) (km/s) (km/s) x

Aluminum

Beryllium

Copper

Gold

Iridium

Lithium*

Molybdenum

Nickel

Platinum

Silver

Steel

Tantalum

Tungsten

0.54

0.40

0.72

0.93

0.49

0.69

0.23

0.32

0.35

0.70

0.52

0.28

0.62

0.48

0.26

0.43

1.3

3.8

0.4

0.8

0.2

0.4

0.2

8.8

0.2

1.6

0.8

0.1

0.3

0.4

0.1

0.1

6.1

3.1

6.0

5.0

3.8

3.0

4.7

3.0

3.5

4.4

4.6

3.8

5.0

5.0

5.1

5.0

7.8

6.3

5.1

5.3

2.7

2.5

3.4

9.1

2.5

6.0

4.9

2.4

4.1

4.4

3.2

3.4

7.4

7.5

3.9

3.3

2.7

2.0

6.2

12.8

3.3

4.6

4.8

3.8

3.5

4.5

5.3

3.8

——.

*Barrel length was 4 mm. .

TABLE 1 Summary of performance of different foil materials. JB is burst ,,
current density, M is flyer mass/area, C is foil mass/area, Vf is

the measured flyer velocity at the listed burst current density,

~g is the Gurney velocity and VN is the normalized Gurney

velocity. Barrel length was 5-mm unless otherwise noted.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6a

Fig. 6b

Fig. 7

Fig. 8

Fig. 9

FIGURE CAPTIONS

Assembly design for coupling the energy of the exploding metal foil
to a thin flyer plate.

Comparison of experimental flyer data and predictions of the
electrical Gurney model. The experiment was run with an aluminum
foil and the slower capacitor bank; barrel length and M/C were held
constant.

VISAR laser interferometer confirmation of the presence of magnetic
acceleration in 3 laminates. The foils in each laminate had the same
cross-sectional area but the thicknesses differed as shown. Each
laminate burst around 0.5 TA/m2 burst current density and
experienced the same current waveform. However, the currents per
unfitwidth varied by as factor of 4.

Fig. 3a Velocity-time records for the 3 laminates.

Fig. 3b The curves recorded in 4a, with the magnetic contribution
subtracted. Note that hydrodynamic push is independent of laminate
thickness.

VG plotted as a function of molecular mass, m. The solid line iS a
linear regression curve fitted to the experimental data. The wide
scatter is likely an artifact of the small sample size.

The experimental arrangement for an EOS measurement. The metal flyer
is typically a few tens of microns thick, and the target is
approximately 2 to 3 times the thickness of the flyer.

Streak-camera record of the start of luminescence of a stepped (step
cut in the middle of the surface) tantalum target shocked to
approximately 0.3 TPa.

Streak-camera record of the start of luminescence of a flat tantalum
target shocked to approximately 0.3 TPa.

Range of presure-time points produced by the slower bank accelerating
various thickness Kapton(R) flyers to impact a PBX-9404 target.

Shock initiation of PBX-9404 by thin flyer plates. Data are from our
own experiments and from those of Gittings26 and Trott and Jung~7.

Flyer velocity threshold regions are shown for two compositions of
TATB .
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